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Proton and Neutron Inclusive Spectra and the Importance of the Single
Nucleon-Nucleon Scattering Process
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Comparison of inclusive neutron and proton spectra from 90-MeV protons on ~AI,
5 Ni, ~ Zr, and . 'Bi indicate that single nucleon-nucleon scatterirg dominates the high-
energy regions of forward-angle continuum spectra. The ratios of cross sections ob-
served agree with ratios expected for scattering of the incident proton by a bound tar-
get nucleon. For '~A1, a plane-wave-impulse-approximation quasifree-scattering
calculation fits forward-angle proton and neutron spectra simultaneously with the same
normalization.

PACS numbers: 25.40.Eb, 25.40.Cm

The dominant reaction channels for light ions
with bombarding energies above 50 MeV excite
the continuum rather than discrete nuclear lev-
els. ' ' Studies' of inclusive charged-particle
spectra from 90-MeV proton bombardments of
"Al, "Ni, "Zr, and '"Bi indicate that the total
light-charged-particle yields are about twice the
total reaction cross sections for the three lighter
targets. A large fraction of these yields was
found to lie at energies well above the evaporation
peaks. Wall and Boos' noted broad peaks in their
(P, P') inclusive spectra at an incident energy of
160 MeV which show the signature of "quasifree"
scattering from a bound target nucleon; i.e., the
peaks move with the same kinematical relation
as for free nucleon-nucleon scattering. Cowley
egal. ' and Alexander etal. ' concluded that at inter-
mediate energies nucleon-nucleon scattering ap-
pears to act as a doorway process leading to
more complicated scattering mechanisms. Re-
cently, Wu' showed that a simple plane-wave-im-
pulse-approximation (PWIA) calculation can ac-
count for the high-energy portion of the proton
continuum produced in (p, P ') reactions at 62 and
90 MeV. We measured the inclusive (P, n) spec-
tra from 90-MeV protons on the same target nu-
clei as were used in the 90-MeV inclusive (P, P ')
studies of Wu, Chang, and Holmgren. ' We ob-
serve that the (P, n) and (P, P ') spectra have the
same shapes and angular dependences in the high-
energy continuum region. Furthermore, the ob-
servation that the ratio of the yields of protons to
neutrons in this region is approximately that ex-
pected for quasifree scattering provides addition-
al evidence for the importance of the nucleon-nu-

cleon scattering mechanism in proton-induced
reactions at incident energies below 100 MeV.

The neutron spectra were measured at the Uni-
versity of Maryland Cyclotron Laboratory with a
time-of-flight (TOF) system developed at Kent
State University. The high-energy portions of
the spectra (E„245 MeV) were measured with
five NE-102 plastic scintillators, each 12.7 cm
in diameter by 10.2 cm deep, at flight paths vary-
ing from 2 to 5 m. The low-energy portions of
the spectra (E„s45 MeV) were measured with
three NE-213 liquid scintillators, each 5.08 cm
in diameter by 5.08 cm deep, at flight paths of
1 m. Pulse-shape discrimination was used to
eliminate y-ray backgrounds in the spectra from
the NE-213 detectors; room-scattered back-
grounds were measured with iron shadow shields
placed halfway between the target and each detec-
tor. The neutron detector efficiencies were cal-
culated with an improved version of the Monte
Carlo code of Cecil, Anderson, and Madey. ' The
complete experimental results and procedures
will be published in a later paper.

Typical (P, n) spectra at two angles are com-
pared in Fig. I with the (P, P ') spectra of Wu,

Chang, and Holmgren for ' Al, ' Ni, Zr, and
'"Bi. Comparisons at other angles show the
same features. While the high-energy neutron
spectra are similar in shape to the proton spec-
tra for all target nuclei, they differ in the evap-
oration region. The yields of high-energy neu-
trons are about one-half of the proton yields. As
the target mass increases, the low-energy (s 20
MeV) neutron yields increase compared to the
proton yields and exceed the proton yields for
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FIG. 1. A comparison of proton (open symbols) and
neutron (closed symbols) spectra at 45 and 90 or 120
deg, as indicated, from the bombardment of VAl, ' Ni,
~ Zr, and 2 ~Bi by 90-MeV protons.
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the heaviest target ("'Bi). These basic charac-
teristics of both the neutron and the proton spec-
tra can be understood qualitatively in terms of
the dominance of the one-step quasifree scatter-
ing mechanism in the high-energy region with
evaporation accounting for low-energy yields.

For single-step quasifree nucleon-nucleon scat-
tering, an incident-proton interaction with a tar-
get proton can contribute only to the yield of pro-
tons, whereas an incident-proton interaction with
a target neutron can contribute to both the proton
and the neutron yields. Thus, the ratio of protons
to neutrons emitted from a target with E neutrons
and Z protons is expected to be approximately

c(p, P ')/c(p, n) = (Zc»+ Ncr~„)/No~„,

where o» and o~„are effective cross sections for
P-P and P-n scattering, respectively, which rep-
resent averages over the quasifree scattering
angle and energy of the proton and target nucleon.
Using the differential cross section at 6, = 90'
and an effective energy of about 120 MeV, we find
that this crude expression gives approximately
the observed ratios for all four targets: The ob-
served ratios decrease from about 2.5 for "Al to
1.7 for '"Bi while Eq. (1) gives roughly 2. 6 and
2.1, respectively. In contrast, the ratio for
equilibrium-type processes would depend on, in
addition to the neutron-to-proton ratio, the Q val-
ues as well as Coulomb and angular-momentum
barriers, and would not be expected to exhibit
any simple dependence on Z and X.
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FIG. 2. Comparisons of neutron and proton spectra
(solid circles) from the bombardment of an ~7AI target
by 90-MeV protons with the predictions (solid lines)
of a PWIA calculation for quasifree scattering (see text).

In Fig. 2, we compare the )7Al(P, P') and "Al(P,
n) spectra with the PWIA quasifree calculations
made with the code of Wu. ' These calculations
take into account the effects of Fermi motions of
the target nucleons and include separate P-P and
P-n cross sections taken from experimental meas-
urements, ""as well as a separate summation
over all single-particle states for both target
neutrons and protons. The binding energies and
potentials for each state were obtained from Elton
and Swift. " The calculated spectra, which over-
estimate the experimental yields as expected in
PWIA, were normalized to the most forward-an-
gle data by adjusting the number of nucleons par-
ticipating in the collision from each. single-parti-
cle state. The calculations use the same normal-
izations for both the neutron and the proton spec-
tra and were obtained with 60%%uo of the nucleons in
the outermost shell and 20~/0 of the nucleons in
the inner shells. Although the calculation under-
estimates the large-angle yield, it agrees to with-
in about +15/o with the high-energy portions of
the forward-angle neutron and proton spectra.

Although the normalizations for each target nu-
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cleus are arbitrary, the fact that the high-energy
portions of both neutron and proton forward-angle
spectra are fitted simultaneously by calculations
with use of the same normalization suggests that
the single nucleon-nucleon scattering mechanism
accounts for most of the continuum spectrum
above the evaporation peaks. The systematic
variation of the ratios of neutron to proton yields
with X and Z in approximate agreement with Eq.
(l) provides additional evidence of the importance
of the single nucleon-nucleon scattering mechan-
ism. The combination of these results and the
recent particle-particle coincidence studies of
reactions induced by 100-MeV protons' demon-
strate that the interaction of medium-energy pro-
tons with nuclei is dominated by nucleon-nucleon
interactions.
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Resonance Structure of the Antisymmetrized Optical Potential
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An extension of the unsymmetrized optical-potential formalism for two-fragment elastic
scattering is found which fully incorporates the Pauli principle without the use of compli-
cated projection operators. The discrete singularities of this optical potential are shown
to be correlated with the physical resonance structure of the scattering amplitude.

PACS numbers: 24.10.Ht, 24.50.+q

A new approach to the problem of incorporating
the Pauli principle (PP) into the microscopic the-
ory of the optical potential (OP) for elastic nu-
clear scattering has appeared recently. ' ' The
development of Refs. 1-5 differs in several im-
portant ways from previous studies of this ques-
tion."Of particular note is the fact that projec-
tion operators which do not map the space, SCA,
of fully antisymmetrized states into itself are em-
ployed in Refs. 1-5. Although these projectors
are simpler to work with than those defined on
XA, it is then possible that the identification and
physical interpretation of the discrete poles in
the OP (as a function of the total energy) might be
obscured. In the case of distinguishable parti-
cles, such poles of the OP are unambiguously
correlated with the resonance structure of the
scattering amplitude. ' In this Letter we estab-

lish that this correlation also holds for the OP
defined as in Ref. 1. Our major results consist
in what appears to be a direct and physically
transparent generalization of the original Fesh-
back formalism' to include the PP which retains
the same simplicity and practical applicability
characteristic of Ref. 8.

In order to maintain a two-body description of
the elastic two-fragment scattering, the antisym-
metrized transition and OP operators, T (P) and
U(p), respectively, are related by'

U(p) = T (p) —U(P)&BG ST (p),
= T(P) T(P)I &G,U(-P),

(la)

(lb)

where (lb) follows from (la) if the solution of (la)
is unique. Here p refers to an arbitrary (but
fixed) choice of the assignment of identical nucle-
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